Abstract-Rain measurement system using propagation characteristics of microwave and millimeter wave is very important for disaster prevention system to foresee and prevent the occurrence of disasters caused by strong rainfalls and for the sensor of ITS to support safe and automatic driving and cruising. In this study, propagation region is modeled as random media with randomly distributed rainfalls. Propagation of electromagnetic wave in random media is analyzed by three-dimensional FDTD method. FDTD analysis demonstrates the dynamic characteristics of wave scattering and absorption phenomena in rain region where raindrops are distributed randomly. For the analysis of microwave scattering by rain, the analysis space including many raindrops less than and comparable with the wavelength is required and analysis region is much larger than the wavelength and a few meters. Parallel computation of FDTD is shown for efficient analysis of microwave scattering and attenuation characteristics in large rain region.
INTRODUCTION
Rain measurement system using propagation characteristics of microwave and millimeter wave is very important for disaster prevention system to foresee and prevent the occurrence of disasters caused by strong rainfalls and for the sensor of ITS (Intelligent Transport Systems) to support safe and automatic driving and cruising. Measurement technique of electromagnetic scattering and attenuation characteristics by rain is one of accurate evaluation methods of rainfall rate. Rain measurement system using microwave and millimeter wave has the advantage of rapid measurement of rainfall rate in wide area compared with the direct measurement by rain gauges. To support safe driving and cruising in automatic driving system, sensor of meteorological condition on the road, particularly the amount of rain, fog and snow are indispensable [1] . The sensor using propagation characteristics of microwave and millimeter wave are very useful to detect these road conditions. Also, the efficient design for radio communication channel between automobiles requires accurate propagation characteristics of millimeter waves, it is very important to investigate the characteristics of electromagnetic wave propagation, particularly multiple scattering phenomena with many particles such as raindrops. The application systems of rain measurement using microwave propagation characteristics are shown in Fig. 1 .
In this paper, propagation characteristics of microwave in rain region are discussed using FDTD method [2] [3] [4] . The effects of multiple scattering and absorption due to randomly distributed raindrops are studied and the relationship between rainfall rate and specific attenuation are evaluated numerically. The numerical results of specific attenuation are compared with the experimental results to evaluate the accuracy of FDTD computer simulation.
FDTD ANALYSIS OF ELECTROMAGNETIC SCATTERING AND ATTENUATION BY RAIN
Electromagnetic scattering and attenuation characteristics due to randomly distributed raindrops are very important information for ITS and weather measurement systems. These characteristics can be numerically analyzed by computer simulation. In this paper, electromagnetic propagation characteristics are investigated by FDTD method. Three-dimensional analysis model of rain attenuation is shown in Fig. 2 . Analysis region is defined as x y z · z = is the observation plane of the transmitted electromagnetic field to obtain the propagation loss per the distance . Raindrops are 
where,
Here, ∆s is cell size and ∆t is time step. ε, µ and σ are the dielectric constant, conductivity, and permeability of material. Mur's boundary condition is applied to obtain the electromagnetic fields at the boundary of the analysis space. In raindrop region, complex dielectric constant ε * and complex refractive index n * a are given by
Here, we consider the time harmonic electromagnetic field with angular frequency ω. By using n * r = n 1 − jn 2 , dielectric constant and conductivity of raindrops are ε = ε 0 (n 2 1 − n 2 2 ), σ = 2ε o ωn 1 n 2 . The dielectric constant of background medium is ε 0 . In this analysis, the shape of a raindrop is assumed to be square. Random scatterers are generated by giving the length of a side length of squares a i , positions of one apex (
The incident Gaussian beam of y polarization is given by
where, x 0 = x /2, y 0 = y /2, r 0 is the beam spot of incident Gaussian beam. In this analysis, the shapes of raindrops are assumed to be cubic with several side lengths. Random scatterers are generated by giving the number of raindrops N , with lengths of side lengths of cubic a, positions of one apex (x i , y i , z i ) and complex dielectric constants ε * i = ε i − jε i . The rain rate R (mm/h) can be obtained by
where a (mm) is the is the average size of raindrops, v (m/s) is the terminal velocity of raindrops and assumed to be 4 √ a, t is 3600 (sec), N = N/V is the number of raindrops per unit volume, where V = x y is the total volume of rain region. Fig. 3 shows the relationship between rain rate R and the number of raindrops per unit volume N/V . 
NUMERICAL RESULTS OF MICROWAVE SCATTERING AND ATTENUATION
As an example of rain scattering and attenuation of microwave propagation, numerical results in small area (Case I) and middle size area (Case II) are discussed. For p(n) in Eq. (4) is given by in Case I,
and in Case II,
In Case I, Numerical parameters are shown in Table 1 . In Case II, the specific attenuation is obtained by A = α 10 3 / (dB/km), where
α is a loss per propagated distance. The electric field of incident wave is shown in Fig. 4 and Figs. 5-8 show the results of Case I. Three models in Fig. 5 with same raindrop parameters are presented. Figs. 6-8 show the difference ∆E y between total field and the incident field as scattered field. These figures show that spherical scattering waves are generated from the point of scatterers and the distribution of electric field is very complex due to the interference of multiple scattering. In Case II, A = 0.64 and 9.62 are obtained at R = 20 and 40, respectively as shown in Fig. 9 . Each dot corresponds to a simulation result using one sample model at R = 20 or 40. Solid curve is a line passing through these two dots and is shown for confirmation of validity of our FDTD analysis. By comparing with the result of other theoretical and experimental study [1] , attenuation at R = 40 is considered to be high. Statistical characteristics of electromagnetic propagation, such as average field intensities and field correlation will be derived by statistical data of rainfalls, such as average and correlation of raindrop's size and position, based on these FDTD analyses with a large number of sample models. The effect of multiple scattering is considered by these FDTD simulations.
PARALLEL COMPUTATION FOR LARGE AREA
For the analysis of microwave scattering by rain, the analysis space including many raindrops less than and comparable with the wavelength is required and analysis region is much larger than the wavelength and a few meters. Parallel computation of FDTD using grid computer is indispensably important. To perform parallel processing using grid computer, the total analysis space is divided into subdomains of M z × M y as shown in Fig. 10 and one divided subdomain D u,v is assigned to one of PC computers. The electromagnetic fields in D u,v (1 ≤ v ≤ M y) are calculated by parallel processing. For the calculation of values on the boundary of subdomains, values in the adjacent subdomain are exchanged and matched for field boundary condition. To proceed the parallel processing, data transfer between adjacent subdomains is carried out using MPI. Along z direction, electromagnetic fields are calculated successively by storing the electromagnetic fields at the end point of subdomain in the z direction to computer memory. These stored electromagnetic fields are used as incident field in the domain boundary, to calculate the fields in the next subdomains 
CONCLUSIONS
Rain measurement system using microwave and millimeter wave is very significantly important for disaster prevention system to foresee and prevent the occurrence of disasters and for the sensor of ITS. In this paper, parallel FDTD algorithm for the analysis of electromagnetic scattering and attenuation due to rainfall is considered. Rain region is treated as random media consisting of randomly distributed raindrops. The most common parallel algorithm of FDTD requires a large amount of memory. So, successive segmented FDTD [3] is used to decrease the memory required to calculate the electromagnetic fields in large area. In this method, total analysis space is divided into subdomains as shown in Fig. 10 and only a few subdomains where the transmitted pulse wave is propagating, is calculated. By using this algorithm, FDTD computation is demonstrated with less memory requirements and electromagnetic wave scattering and attenuation characteristics in rain can be evaluated numerically.
